In this paper, we address resonant leaky-mode reflectors made with a periodic silicon layer on an insulating substrate. Our objective is to explain the physical basis for their operation and to quantify the bandwidth provided by a single resonant layer by illustrative examples for both TE and TM polarized incident light. We find that the number of participating leaky modes and their excitation conditions affect the bandwidth. We show that recently reported experimental [1, 2] wideband reflectors operate under leaky-mode resonance. These compact reflectors are new elements with many potential applications in photonic systems. The results presented explaining their physical basis will aid in their continued development. Electron. 33, 2038-2059 (1997). 17. R. F. Kazarinov and C. H. Henry, "Second-order distributed feedback lasers with mode selection provided by first-order radiation loss," IEEE J. Quantum Electron. 21, 144-150 (1985). 18. T. K. Gaylord and M. G. Moharam, "Analysis and applications of optical diffraction by gratings," Proc.
Introduction
Subwavelength periodic layers exhibit strong resonance effects that originate in quasi-guided, or leaky, waveguide modes [3] [4] [5] [6] [7] [8] [9] . These compact elements yield versatile photonic spectra and surface-localized energy states with controllable Q factors. Using powerful electromagnetic design methods, the spectral bands of these subwavelength resonant leakymode elements can be engineered to achieve photonic devices with practical attributes. For example, we have shown that a single periodic layer with one-dimensional periodicity enables narrow-line filters, polarizers, reflectors, and polarization-independent elements [10] . Potential applications include bandpass and bandstop filters, laser mirrors, ultrasensitive biosensors, absorption enhancement in solar cells, security devices, tunable filters, nanoelectromechanical display pixels, and others.
Multilayer thin films are widely applied to implement filters, polarizers, and reflectors for incorporation in various common optical systems [11] . These devices typically consist of stacks of homogeneous layers deposited with precise thicknesses and tight control of index of refraction and absorption. In many cases, a large number of layers, perhaps ~10-100, may be needed to create the spectral and angular attributes required for a particular application. These optical devices operate on the basis of multiple reflections between the interfaces incorporated in a layer stack. In particular, periodic quarter-wave layer systems provide classical high reflectors for bulk laser cavities as well as integrated distributed Bragg reflectors for vertical cavity lasers. Bragg reflectors yield efficient reflection across wide spectral bands [12, 13] . The spectral expressions generated by resonant leaky-mode layers, in some ways, resemble spectral expressions associated with thin-film systems. In other ways, the resonance response is unique and not realizable with homogeneous thin films. Therefore, the functionality and applicability of thin films in optics and photonics technology can be complemented and enhanced by imbuing them with appropriate periodic modulation to achieve leaky-mode resonance. Fig. 1. (a) A schematic view of a subwavelength guided-mode resonance element under normal incidence. A single silicon layer with thickness d, fill factor F, and a two-part period Λ is treated. When phase matching occurs between evanescent diffraction orders and a waveguide mode, a reflection resonance takes place. I, R, and T denote the incident wave, reflectance, and transmittance, respectively. (b) Schematic dispersion diagram of a GMR device at the second stop band. For the symmetric grating profile, a resonance appears at one edge. This picture applies to both TE (electric field vector normal to the plane of incidence) and TM (magnetic field vector normal to the plane of incidence) polarization states. K = 2π/Λ, k 0 = 2π/λ, and β is the propagation constant of a leaky mode. Figure 1(a) shows the model device to be treated. It is a subwavelength reflector consisting of a modulated silicon layer (n H = n Si = 3.48) on a SiO 2 substrate (n S = n SiO2 = 1.48). It is necessary that the structure form a waveguide grating such that the periodic layer (Si) possesses higher refractive index than the adjacent regions (air, silica). The reflector works under a guided-mode resonance (GMR), which arises when the incident wave couples to a leaky waveguide mode by phase matching with the second-order grating [14, 15] . Under normal incidence, counter-propagating leaky modes form a standing wave in the grating as indicated in Fig. 1(a) . As the modes interact with the waveguide grating, they reradiate reflectively [16] . A schematic dispersion diagram is shown in Fig. 1(b) . The device works in the second stop band corresponding to the second-order grating [15] . A given evanescent diffraction order can excite not just one but several leaky modes. Thus, in Fig. 1(b) , we show the stop bands for the first two TE modes to emphasize this point. At each stop band, a resonance is generated as denoted in Fig. 1(b) also. The fields radiated by these leaky modes in a grating with a symmetric profile can be in phase or out of phase at the edges of the band [17, 3] . At one edge, there is a zero phase difference and hence the radiation is enhanced while at the other edge, there is a π phase difference inhibiting the radiation. In this case, if β = β R + jβ I is the complex propagation constant of the leaky mode, β I = 0 at one edge, implying that no leakage is possible at that edge. In this paper, for clarity, we treat resonance elements with two-part periods which can only have symmetric profiles.
Numerical methods and assumptions
We limit the study to single-layer structures modulated with one-dimensional (1D) binary profiles. For simplicity and numerical expediency, it is assumed that the gratings are transversely infinite and that the materials are lossless and dispersion free. The spectral analysis of these structures is performed using rigorous coupled-wave analysis (RCWA) for both TE and TM polarizations. This method models exactly electromagnetic wave interactions with periodic layered structures, rigorously satisfying the electromagnetic boundary conditions for each polarization, and expeditiously providing associated reflection and transmission diffraction efficiencies [18, 19] . Modal methods are utilized to compute field profiles, patterns, and propagating-wave diffraction efficiencies for both polarization states [20] . The spectra computed with the modal and RCWA techniques are in excellent agreement. Approximate modal curves are determined by solving the eigenvalue equation associated with slab dielectric waveguides [9] . An inverse numerical technique, particle swarm optimization (PSO) [21] , is utilized to design the broadband reflectors presented. The period, thickness, and fill factor of the grating layer are the design parameters. A root-mean-square fitness function is chosen to ensure the numerical quality of the solutions [22] .
Results
As design target for the first example, we aim for reflectance R 0 = 1.0 over the 1.45-2.0 μ m wavelength band in TM polarization. The parameters that are optimized to achieve the target reflectance are period, thickness, and fill factor. nm. There are three transmittance dips inside the high-reflectance band, each of which corresponding to a guided-mode resonance at which the transmittance approaches zero. Thus, this high-reflection band is supported by a blend of three leaky modes. Figure 2(b) illustrates the amplitudes of the magnetic modal fields inside the grating structure and in the surrounding media at the center resonance which arises at 1.620 μ m. The amplitude of the incident zeroorder wave is denoted by S 0 whereas the first evanescent wave has amplitude S 1 . This low-Q resonance raises the internal field strength of the first-order leaky mode by ~×3 relative to the excitation field. The S 1 field shows a predominant TM 0 shape that nevertheless also exhibits TM 2 features with two nulls in the low-amplitude region near the input edge. There is an appreciable second-order field (S 2 ) in the structure as seen in the figure. It is important to note that the zero-order field fits well into the layer which is ~one wavelength in thickness at resonance (compare d = 0.490 μ m and λ/N = 1.620/3.0 = 0.540 μ m using the second-order effective-medium-theory refractive index of the grating layer N = 3.0). This sets up an efficient excitation of the leaky modes; i.e. the input wave "pumps" the structure well, a key condition in achieving broad reflectance spectra. To further emphasize the leaky-mode resonance origin of the wideband reflectance spectra, we connect the behavior of this modulated waveguide to its homogeneous counterpart. The modal character of the device is revealed upon reduction of the refractiveindex modulation while keeping the average refractive index of the waveguide layer fixed. Taking n H = 2.0 and n ave = 1.7314 (zero-order effective medium value), n L is calculated to be 1.3417. Figure 3(c) shows the R(λ,d) map for this weakly modulated structure. Note that a broad reflection region is beginning to form between the two lowest modes at thickness d ~ 0.8 μ m. Sequential calculations performed while gradually increasing the modulation show that the map in Fig. 3 (c) morphs into that in Fig. 3(a) for full modulation. Finally, modal curves are obtained by solving the eigenvalue equation of the equivalent homogenous slab waveguide [9] . The results are given in Fig. 3(d) for the first four modes setting n film = 1.92 which is in reasonable agreement with the second-order effective index of the grating layer which is 1.82. There is unmistakable qualitative agreement between these two graphs. Figure 4 (b) displays the electric field distribution pattern at the resonance wavelength. A dominant TE 0 leaky mode is generated by the first evanescent diffraction order. Moreover, by dividing the period into four parts ({Si, air, Si, air} with corresponding fill factors {F 1 , F 2 , F 3 , F 4 ; F 1 +F 2 +F 3 +F 4 = 1.0}), very broad reflection bandwidths with R 0 > 0.99 are realizable; these may exceed ~600 nm in both TE and TM polarization for a single Si layer without substrate enhancement [10] . In essence, the four-part period imbues the periodic layer with a rich set of Fourier harmonics with concomitant emergence of additional spectral features not available for the two-part case in Fig. 1(a) .
Mateus et al. reported an experimental wideband reflector operating around the 1.55 μ m wavelength [1] . The element consists of a silicon grating over a silica sublayer (with thickness d L ) on a silicon substrate. In a prior paper focusing on reflector design [23] , they provided a set of optimized parameters as Λ = 0. ) shows the effect of the sublayer/substrate combination on the reflectance spectrum. Without the sublayer, the bandwidth for this design is ~385 nm. Therefore, in this case, the sublayer extends the flat band by ~80 nm or ~20%. 
Conclusions
In summary, we have explained the physical basis for wideband subwavelength grating reflectors. For clarity, in this paper, we treat the simplest possible resonance element which is a single layer with one-dimensional periodicity and two-part period. Thus, strongly-modulated resonant leaky-mode reflectors made with a periodic silicon layer on an insulating (silica) substrate have been characterized by rigorous numerical analysis. A particular TM polarized reflector is found to provide a 520 nm bandwidth at 99% reflectance. It is shown that this flat band is contributed by three cooperating leaky modes. These modes are efficiently excited ("pumped") by the incident wave as the grating layer thickness is one wavelength (in general, multiple of ~λ/2N) at the center resonance. On reduction of the grating modulation contrast, computed reflectance maps approach the modal plots corresponding to a homogeneous waveguide slab in both location and shape, further supporting the leaky-mode resonance argument. A single-layer TE reflector with 125 nm bandwidth is also provided demonstrating the viability of these elements in both polarization states. Finally, we show that reported TMpolarized experimental [1] wideband reflectors operate under leaky-mode resonance. In fact, a low-Q resonance causes the wideband reflection with the bandwidth being extended by interaction with the silicon substrate.
Leaky-mode resonance devices belong to the class of periodic nanophotonic structures, photonic crystals, and diffractive elements that are of growing importance for applications in active and passive devices such as filters, lasers, displays, and sensors. The results presented explain the physics of their operation as broadband reflectors and may contribute to their further development and utility. Excitation of leaky modes is a necessary, but not sufficient, condition for broadband reflectance. Additionally, the leaky-mode spectra must be shaped by proper choice of the device parameters. As in this work, such optimized parameters can be effectively established using inverse mathematical design methods like PSO. Future research will explore bandwidth enhancements achievable by more complex architectures including sublayer-substrate enhancements, multi-component periods, and additional layers. 
